Abstract. Widdrol, a natural sesquiterpene present in Juniperus sp., has been shown to exert anticancer and antifungal effects. Emerging evidence has suggested that AMP-activated protein kinase (AMPK), which functions as a cellular energy sensor, is a potential therapeutic target for human cancers. In this study, we found that AMPK mediates the anticancer effects of widdrol through induction of apoptosis in HT-29 colon cancer cells. We showed that widdrol induced the phosphorylation of AMPK in a dose-and time-dependent manner. The selective AMPK inhibitor compound C abrogated the inhibitory effect of widdrol on HT-29 cell growth. In addition, we demonstrated that widdrol induced apoptosis and this was associated with the activation of caspases, including caspase-3/7 and caspase-9, in HT-29 cells. We also demonstrated that transfection of HT-29 cells with AMPK siRNAs significantly suppressed the widdrol-mediated apoptosis and the activation of caspases. However, cell cycle arrest induced by widdrol was not affected by transfection of HT-29 cells with AMPK siRNAs. Furthermore, widdrol inhibited HT-29 tumor growth in a human tumor xenograft model. Taken together, our results suggest that the anticancer effect of widdrol may be mediated, at least in part, by induction of apoptosis via AMPK activation.
Introduction
AMP-activated protein kinase (AMPK), a serine/threonine protein kinase conserved in eukaryotes, is known as a cellular energy sensor involved in the regulation of the response to environmental or nutritional stress (1) . AMPK is a heterotrimeric complex composed of catalytic α subunit and regulatory β and γ subunits. AMPK is activated in response to energy deprivation and the activation of AMPK regulates a variety of cellular processes, such as hepatic fatty acid oxidation, lipogenesis, glycogen synthesis and glucose uptake (2) . Recently, AMPK has also been identified as a potential target for cancer prevention and/or treatment (3) . Indeed, a variety of AMPK activators have been shown to exert anticancer effects (4) (5) (6) . Especially, metformin, an orally available biguanide derivative that is widely used for the treatment of Type 2 diabetes, was shown to exert anticancer effects by activation of AMPK and is currently being investigated in clinical trials (4) . AMPK is also reported to be linked with tumor suppressors, such as liver kinase B1 (LBK1), p21, p53 and tuberous sclerosis complex 2 (TSC2), indicating that AMPK is a potential therapeutic target for cancer (7) (8) (9) .
The leaves of Juniperus chinensis have been reported to contain a lignan with strong anti-leukemic and antitumor activities (10) and a sesquiterpene with anti-fungal activity (11) . Widdrol is an odorant derivative contained in various plants of Juniperus sp., including J. chinensis and J. lucayana (12, 13) . In a previous study, widdrol was shown to induce cell cycle arrest in HT-29 cells (13) . To find additional mechanisms involved in the anticancer activity of widdrol, we examined whether widdrol induces apoptosis and characterized molecular mechanism responsible for this effect. We also examined the effect of widdrol on tumor growth in a human tumor xenograft model. Cell proliferation assay. Cells were plated at 8x10 3 cells/well in 96-well plates, incubated overnight, and treated with widdrol for 48 h. Cell proliferation assays were performed using a Cell Proliferation Kit II (Roche Applied Science, Mannheim, Germany) according to the manufacturer's instructions. Briefly, the XTT labeling mixture was prepared by mixing 50 volumes of 1 µg/ml sodium 3'-[1-(phenylaminocarbonyl)-3,4-tetrazolium]-bis (4-methoxy-6-nitro) benzene sulfonic acid hydrate with 1 volume of 0.383 µg/ml of N-methyldibenzopyrazine methyl sulfate. This XTT labeling mixture was added to the cultures and incubated for 2 h at 37˚C. Absorbance was measured at 490 nm with a reference wavelength at 650 nm.
Widdrol induces apoptosis via activation of AMP-activated protein kinase in colon cancer cells
Apoptosis analysis. Apoptosis analysis was performed using an Annexin V-FITC Apoptosis Detection Kit II (BD Bioscience, San Jose, CA, USA) according to the manufacturer's instructions. Briefly, cells were plated at 2x10 5 cells/ well in 6-well plates, incubated overnight, and treated with the indicated concentrations of widdrol for 24 h. Cells were harvested, washed with PBS, and combined with a binding buffer containing Annexin-V-FITC and propidium iodide. Following a 15-min incubation in the dark, cells were analyzed by flow cytometry using a FACSCalibur flow cytometer (BD Bioscience).
Caspase activity assay. The activities of caspases were determined using a Caspase-Glo™ Assay (Promega, Madison, WI, USA) according to the manufacturer's instructions. Briefly, cells were plated at 8x10 3 cells/well in 96-well plates, incubated overnight and treated with the indicated concentrations of widdrol for 24 h. The culture supernatants were transferred to 96-well turbid microtiter plates and 50 µl of proluminescent caspase-3/7 and caspase-9 substrate were added. After 1 h of incubation at 37˚C, the luminescence was measured using a VICTOR™ Light system (Perkin-Elmer, Waltham, MA, USA).
Western immunoblot analysis.
Total protein extracts were prepared by lysing cells in lysis buffer (50 mM Tris-ΗCl (pH 7.4), 150 mM NaCl, 1 mM EGTA, 5 mM EDTA, 0.5% Triton X-100, 0.25% sodium deoxycholate, 1 mM sodium fluoride, 1 mM sodium orthovanadate, 5 µg/ml leupeptin, 0.2 mM phenylmethylsulfonyl fluoride, 10 µg/ml aprotinin, 0.5 µM DTT) and protein concentrations in the lysates were determined using a Bio-Rad protein assay kit (Bio-Rad Laboratories, Inc., Hercules, CA, USA) according to the manufacturer's instructions. Protein extracts were resolved by 12% SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes. The membranes were incubated with blocking buffer (Tris-buffered saline containing 0.2% Tween-20 and 3% non-fat dried milk) and probed with the indicated primary antibodies. After washing, membranes were probed with horseradish peroxidase-conjugated secondary antibodies. Detection was performed using an enhanced chemiluminescent protein (ECL) detection system (Amersham Biosciences, Little Chalfont, UK).
Cell cycle analysis. Cell cycle analysis was performed using a previously described protocol (14) . Briefly, cells were plated at 3x10 6 cells/dish in 100-mm dishes, incubated overnight, and treated with the indicated concentrations of widdrol. After 24 h, cells were harvested and washed with PBS. After cell counting with trypan blue staining, 1x10 6 cells were pelleted and fixed in 70% ethanol at 4˚C for 1 h. Then cells were resuspended 1 ml of Krishan's buffer (0.1% sodium citrate, 0.02 mg/ml RNase A, 0.3% Triton X-100, and 50 µg/ml propidium iodide, pH 7.4) for 1 h at 4˚C. Samples were centrifuged, resuspended in 1 ml of PBS buffer, and analyzed by flow cytometry using a FACSCalibur flow cytometer (Becton-Dickinson, San Jose, CA, USA). Data were collected for 10,000 events. The Modfit LT program (Verity Software House, Maine, ME, USA) was used for cell cycle modeling.
Human tumor xenograft model. Specific pathogen-free BALB/ c-nu female mice (SLC, Hamamatsu, Japan), 5-weeks old and weighing from 15.5 to 16.5 g, were maintained as previously described (15) . All animals were allowed to acclimatize to the local environment for at least 1 week before use. The mice were randomly assigned to three groups, all of which were subcutaneously inoculated with 0.3 ml of HT-29 cells (3x10 7 cells/ml) on Day 0. Widdrol (50 mg/kg) was administered i.p. daily and doxorubicin (2 mg/kg) was administered i. mm) x height (in mm)]/2. All mice were weighed every other day. After the treatment for 20 days, the mice were euthanized, and all tumors were removed and weighed.
Statistical analysis. Results are expressed as the mean ± SD. A paired t-test was used to compare two groups, and one-way ANOVA followed by Dunnett's t-test was used for multiple comparisons using GraphPad Prism (GraphPad Software, Inc., San Diego, CA, USA). The criterion for statistical significance was set at P<0.05.
Results

Induction of AMPK phosphorylation by widdrol in HT-29 cells.
Recently, several reports demonstrated that the activation of AMPK is related to cancer cell death in various cancer cell lines (16, 17) . Therefore, we investigated whether the antitumor activity of widdrol is accompanied by AMPK activation. HT-29 cells were treated with 100 µM of widdrol for up to 24 h or were exposed with the indicated concentrations of widdrol for 24 h to examine the time-and dose-related effects of widdrol on AMPK phosphorylation. As shown in Fig. 2A and B, widdrol markedly stimulated the phosphorylation of AMPK-α in a time-and dose-dependent manner in HT-29 cells. Fig. 2B also shows that the phosphorylation of acetylCoA carboxylase (ACC), one of the main downstream factors of AMPK, was also induced by widdrol in a dose-dependent manner. Widdrol treatment did not affect the expression of AMPK-α, ACC and GAPDH in HT-29 cells (Fig. 2B) . To further investigate whether widdrol inhibits cancer cell growth by AMPK activation, we examined the effect of compound C, a well-known AMPK inhibitor, on widdrol-mediated inhibition of cell growth in HT-29 cells. As shown in Fig. 2C , compound C significantly reversed widdrol-mediated inhibition of cell growth in HT-29 cells. 
AMPK-dependent induction of apoptosis by widdrol in HT-29 cells.
In this study, we investigated whether the induction of apoptosis is involved in widdrol-mediated inhibition of cancer cell growth. As shown in Fig. 3 , widdrol induced apoptosis in a concentration-dependent manner; 9.0, 11.8 and 15.1% of the HT-29 cells were Annexin-V-positive and propidium iodidenegative after exposure at 75, 100 and 125 µM of widdrol, respectively. To investigate whether the activation of AMPK is involved in widdrol-induced apoptosis, the cells were transfected with AMPK siRNA and treated with widdrol for 24 h. Fig. 3 shows that apoptosis of HT-29 cells by widdrol was significantly reduced by knockdown of AMPK expression.
AMPK-dependent activation of caspases by widdrol in HT-29 cells.
We also assessed whether widdrol activates caspases, a key enzyme involved in apoptotic signaling cascade. As shown in Fig. 4A , widdrol dose-dependently induced the activation of caspase-3/7 and caspase-9. However, transfection of cells with AMPK siRNA reversed the activation of caspases by widdrol in HT-29 cells. We also confirmed that widdrol induces the cleavage of caspase-3, caspase-9 and poly(ADP-ribose) polymerase (PARP) by western immunoblot analysis in HT-29 cells (Fig. 4B) .
AMPK-independent induction of cell cycle arrest by widdrol in HT-29 cells.
It has been reported that widdrol inhibits cancer cell growth through the induction of G0/G1 phase cell cycle arrest (13) . In a further investigation, we examined whether widdrol-induced cell cycle arrest is mediated by AMPK. As shown in Fig. 5 , widdrol induced G0/G1 phase cell cycle arrest at low doses and cell death at high doses in HT-29 cells. However, transfection of HT-29 cells with AMPK siRNAs does not significantly affect widdrol-induced cell cycle arrest. (Fig. 6A) . Fig. 6C shows that tumor weight was also significantly reduced by widdrol treatment. The body weights of tumor-bearing nude mice were examined to assess the toxicity of widdrol. No significant difference in body weights between vehicle-treated group and widdrol-treated group was observed during the period of the experiment, whereas the body weights of the doxorubicin-treated group was decreased to 85.7% of the initial body weights (Fig. 6B) .
Discussion
Caloric restriction reduces the incidence and progression of spontaneous and induced tumors in laboratory rodents. One of the key enzymes thought to be involved in this process is AMPK, a regulator of cellular energy homeostasis. AMPK is activated under conditions of elevated AMP/ATP ratio, such as hypoxia, ischemia and glucose deprivation (1, 18) . Recently, it has been reported that mimicking a low energy status by treatment with a cell-permeable nucleoside 5-aminoimidazone-4-carboxamide riboside inhibited cell proliferation and suppressed malignant phenotype in cancer cells (19) . Huang et al also reported that pharmacological activation of AMPK resulted in a decrease in endogenous lipogenesis, an inhibition of cell proliferation and a suppression of tumorigenic and invasive properties in cancer cells in vitro and in vivo (20) , suggesting that AMPK might be a potential therapeutic target for the treatment of cancer. In the present study, we clearly demonstrated that widdrol induces the activation of AMPK and subsequent phosphorylation of ACC in HT-29 cells. In addition, a blockade of AMPK activation by treatment of HT-29 cells with compound C, a well-known inhibitor of AMPK, reversed widdrol-mediated cancer cell death, suggesting that the anticancer effect of widdrol might be linked with its ability to induce AMPK.
It has been revealed that AMPK is involved in apoptosis (21). Kim et al reported that the activation of AMPK by compound K induced apoptosis and compound K-mediated apoptosis was blunted in the presence of either an inhibitor of AMPK or a small interfering RNA for AMPK (22) . In addition, Khanal et al reported p-HPEA-EDA, a phenolic compound of virgin olive oil, reduced cell viability and induced apoptosis by upregulation of PARP and caspase-3 in colon cancer cells through activation of AMPK (23) . These results suggest that pharmacological modulation of AMPK might induce apoptosis in cancer cells. In the present study, we demonstrated that widdrol induced apoptosis in HT-29 cells. Widdrol also induced the activity of caspases, including caspase-3/7 and caspase-9. However, widdrol-induced apoptosis and caspase activation in HT-29 cells were suppressed by transfection of a small interfering RNA for AMPK, suggesting that widdrolinduced apoptosis is mediated, at least in part, by AMPK activation.
Previous report demonstrated that widdrol inhibits HT-29 cell proliferation via inducing cell cycle arrest (13) . In this report, they showed that the induction of cell cycle arrest by widdrol was correlated with the induction of p53 phosphorylation and p21 expression. Here, we also investigated the relationship between widdrol-induced cell cycle arrest and AMPK activation. Consistent with previous reports, we showed that widdrol induces G0/G1 phase cell cycle arrest in HT-29 cells. However, our results demonstrated that the transfection of a small interfering RNA for AMPK does not affect widdrol-induced cell cycle arrest in HT-29 cells, suggesting that cell cycle arrest by widdrol is independent of widdrolmediated induction of AMPK.
In conclusion, the present study demonstrates that widdrol inhibited the growth of HT-29 colon cancer cells by inducing apoptosis and this is mediated, at least in part, by activation of AMPK by widdrol. In addition, we also showed that widdrol could inhibit the growth of HT-29 tumors in a human tumor xenograft model. These findings provide a molecular mechanism involved in the anticancer effect of widdrol and suggest that widdrol is a potential chemotherapeutic candidate for cancer treatment. 
